Morphine is one of the most potent analgesic drugs. However, the utility of morphine in the management of chronic pain is limited by its rapid development of tolerance. Morphine exerts all of its pharmacological effects via the -opioid receptor. In many systems, tolerance is associated with phosphorylation and desensitization of G-protein-coupled receptors (GPCRs). In case of the -opioid receptor, phosphorylation occurs in an agonist-selective manner. High-efficacy agonists such as [D-Ala 2 -MePhe 4 -Gly-ol]enkephalin (DAMGO), fentanyl, or etonitazene stimulate the phosphorylation of both C-terminal threonine 370 (T370) and serine 375 (S375). In contrast, morphine promotes the phosphorylation of S375 but fails to stimulate T370 phosphorylation. Here, we have assessed the contribution of S375 phosphorylation to the development of antinociceptive tolerance to high-and low-efficacy agonists in vivo. We show that S375 phosphorylation of the -opioid receptor occurs in intact mouse brain in a dose-dependent manner after administration of morphine, fentanyl, or etonitazene. In knock-in mice expressing the phosphorylation-deficient S375A mutant of the -opioid receptor, morphine and fentanyl exhibited greater dose-dependent antinociceptive responses than in wild-type mice. However, acute and chronic tolerance to morphine was retained in S375A mutant mice. In contrast, antinociceptive tolerance after repeated subcutaneous application of etonitazene or repeated intracerebroventricular application of DAMGO was diminished. Thus, tolerance to agonists with different efficacies develops through distinct pathways. Whereas tolerance induced by DAMGO or etonitazene requires agonist-driven phosphorylation of S375, the development and maintenance of antinociceptive tolerance to morphine occurs independent of S375 phosphorylation.
Introduction
The development of analgesic tolerance to morphine occurs on continued use of the drug such that the amount of drug required to elicit pain relief must be increased to compensate for diminished responsiveness. However, the molecular mechanisms of morphine tolerance are far from being understood (Nestler, 1996; Koch et al., 2005; Bailey et al., 2006; Martini and Whistler, 2007) . For many clinically used drugs, tolerance has been associated with phosphorylation, desensitization and downregulation of their G-protein-coupled receptors (GPCRs). However, morphine is unique in that it activates the -opioid receptor without causing its rapid endocytosis (Keith et al., 1996; Schulz et al., 2004) . We have recently generated phosphosite-specific antibodies for the C-terminal residues threonine 370 (T370) and serine 375 (S375), which enabled us to selectively detect either the T370-phosphorylated or the S375-phosphorylated form of the -opioid receptor . We found that full agonists such as [D-Ala 2 -MePhe 4 -Gly-ol]enkephalin (DAMGO), fentanyl, or etonitazene stimulate the phosphorylation of both T370 and S375 . S375 is the primary site of phosphorylation that contributes to desensitization, ␤-arrestin binding, and internalization of the -opioid receptor (El Kouhen et al., 2001; Schulz et al., 2004; McPherson et al., 2010; Kelly, 2011) . In contrast, morphine promoted the phosphorylation of S375 but failed to stimulate T370 phosphorylation (Schulz et al., 2004; Doll et al., 2011) . Here, we show that the morphine-mediated S375 phosphorylation also occurs in vivo shortly after administration of the drug. To directly examine the contribution of S375 phosphorylation to the development of tolerance in vivo, we generated knock-in mice expressing the phosphorylation-deficient S375A mutant of the -opioid receptor, and assessed opioidmediated responses in intact animals.
Materials and Methods
Animals. Knock-in mice expressing the S375A mutant of the -opioid receptor (MOR S375A/S375A ) were generated at Ozgene. According to Mouse Genome Informatics (MGI, The Jackson Laboratory), the official nomenclature for these mice is Oprm1 tm1Shlz with accession number MGI:5000465. In this -opioid receptor mutant, the coding sequence for serine 375 (TCC) has been replaced using PCR with the coding sequence of alanine (GCC) (Fig. 1) . Bruce 4 C57BL/6J ES cells were used to generate MOR S375A/S375A mice. Mice were genotyped by PCR of genomic tail DNA using the following primers: 5Ј-GGC TAA TAC AGT GGA TCG AAC TAA C-3Ј and 5Ј-TAA CTG TCT TGG CTA CAT TCC TTT C-3Ј. MOR S375A/S375A and MOR ϩ/ϩ were generated by heterozygous breeding. In behavioral experiments, male mice aged 12-16 weeks between 25 and 30 g were used. Animals were housed in a 12 h light-dark cycle and had ad libitum access to food and water. All animal experiments were performed in accordance with the Thuringian state authorities and complied with EC regulations for the care and use of laboratory animals.
Drugs. Morphine-HCl and naloxone-HCl were purchased from Merck, and fentanyl-citrate from Rotexmedica. DAMGO was obtained from Bachem, and etonitazene-HCl was from Novartis. Drugs were dissolved in physiological saline and injected subcutaneously in a volume of 10 ml/kg or intracerebroventricularly in a volume of 2.5 l.
Western blot and immunoprecipitation. Brains from -opioid receptor-deficient mice (MOR Ϫ/Ϫ ) (provided by Dr. H. Loh, University of Minnesota, Minneapolis, MN), wild-type mice (MOR ϩ/ϩ ), and MOR S375A/S375A were quickly dissected after the indicated treatment.
The cerebellum, which is devoid of -opioid receptors, was removed, and the remaining brain samples were immediately frozen in liquid nitrogen. In all experiments, entire brains except cerebellum were used. Samples were then transferred to ice-cold detergent buffer (50 mM TrisHCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 10 mM NaF, 10 mM disodium pyrophosphate, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS containing protease and phosphatase inhibitors), homogenized, and centrifuged at 16,000 ϫ g for 30 min at 4°C. The supernatant was then immunoprecipitated with the phosphorylation-independent rabbit monoclonal anti-MOR antibody {UMB-3} bound to protein A-agarose beads for 2 h at 4°C (Lupp et al., 2011) . Proteins were eluted from the beads with SDS-sample buffer for 20 min at 40°C. Samples were resolved on 8% SDS-polyacrylamide gels, and after electroblotting, membranes were incubated with guinea pig polyclonal anti-pS375 antibody {GP2} at a concentration of 0.1 g/ml followed by detection using an enhanced chemiluminescence detection system (GE Healthcare). Blots were subsequently stripped and reprobed with phosphorylation independent guinea pig polyclonal anti-MOR antibody {GP6} at a concentration of 0.1 g/ml to confirm equal loading of the gels. The rabbit monoclonal antibody UMB-3 was obtained from Epitomics. The phosphorylationindependent antibodies {UMB-3} and {GP6} were generated against the C-terminal tail of the mouse -opioid receptor. The identity of the pep- Figure 1 . Generation of MOR S375A/S375A mice. A, Schematic representation of targeting strategy. A genomic fragment containing the -opioid receptor sequence, including exons 2 and 3, was modified to contain the S375A mutation of the -opioid receptor. A cassette containing resistance to neomycin (PKG-Neo) and flanked by FRT sites was inserted in the intron downstream of exon 3 for selection of ES cell clones. Exon 2 and 3 are also flanked with loxP sites. B, Detection of homologous recombination in ES cells by Southern blot using the 3Ј probe. C, Verification of deletion of PKG-Neo cassette by Southern blot using the 3Ј probe after FlpE-mediated recombination. D, Representative example of genotyping by PCR. E, Bands in D were excised and sequenced to confirm presence of S375A mutation.
tide used for immunizations of the rabbits was LENLEAETAPLP, which corresponds to residues 386 -398 of the mouse -opioid receptor. These antibodies have been extensively characterized previously (Schulz et al., 2004; Doll et al., 2011a,b; Lupp et al., 2011) . The phosphosite-specific antibody for the S375-phosphorylated form of the -opioid receptor {GP2} was generated against the following sequence that contained a phosphorylated serine residue: REHP(pS)TANTV. This sequence corresponds to amino acids 371-380 of the mouse -opioid receptor. The anti-pS375 guinea pig polyclonal anti-MOR antibody {GP2} has been generated and characterized in an identical manner to that previously described for the anti-pS375 rabbit polyclonal anti-MOR antibody {2493} (Doll et al., 2011b) . When indicated, lysates were sequentially incubated with WGA (wheat germ lectin agarose) beads to enrich glycoproteins after UMB-3 immunoprecipitation. These samples were then probed with an anti-transferrin receptor (TFR) antibody (Zymed) to confirm that equal amounts of lysate of each sample were used for UMB-3 immunoprecipitation.
Immunohistochemistry. Animals were killed under ether anesthesia, and brains and spinal cords were removed, fixed in 10% buffered formaldehyde, and embedded in paraffin for immunohistochemistry. Fivemicrometer sections from brain and spinal cord were cut and floated onto positively charged slides. Immunostaining was performed by an indirect peroxidase labeling method as described previously (Lupp et al., 2011) . Briefly, sections were dewaxed, microwaved in 10 mM citric acid, pH 6.0, for 16 min at 600 W, and then incubated with the rabbit monoclonal anti-MOR antibody UMB-3 (dilution 1:10) overnight at 4°C. Detection of the primary antibody was performed using a biotinylated anti-rabbit IgG followed by incubation with peroxidase-conjugated avidin (Vector ABC "Elite" kit, Vector). Binding of the primary antibody was visualized using 3-amino-9-ethylcarbazole (AEC) in acetate buffer (BioGenex).
Analgesia-hot plate test. Basal pain responses were determined at hot plate temperatures of 50°C, 52°C, 54°C, and 56°C on consecutive test days. In each antinociception assay, nociceptive latencies were assessed as the response time to the hot plate (56°C). The "response" was defined by the animal either licking or flicking his hindpaws. To avoid tissue damage, an artificial maximum time for exposure was imposed, which prevented the animal from contact with the plate for Ͼ30 s. Data are reported as the percentage maximum possible effect (% MPE), which was determined by accounting for each individual's basal response as well as the imposed maximum cutoff time using the following calculation: 100 ϫ [(drug response time Ϫ basal response time)/(30 s Ϫ basal response time)] ϭ % MPE. In morphine dose-response studies, withdrawal latencies were measured 30 min after a first dose of morphine (1 mg/kg, s.c.); at this time point, animals were injected with morphine (4 mg/kg, s.c.) for a cumulative dose of 5 mg/kg. Antinociception was again assessed after 30 min, and mice were again injected with morphine (5 mg/kg, s.c.) to yield a final cumulative dose of 10 mg/kg. After 30 min, antinociception was assessed once more. In fentanyl dose-response studies, withdrawal latencies were measured 30 min after a first dose of fentanyl (0.05 mg/kg, s.c.); at this time point, animals were injected with fentanyl (0.05 mg/kg, s.c.) for a cumulative dose of 0.1 mg/kg. Antinociception was again assessed after 30 min, and mice were again injected with fentanyl (0.2 mg/kg, s.c.) to yield a final cumulative dose of 0.3 mg/kg. After 30 min, antinociception was assessed once more. Acute antinociceptive tolerance was induced by treating MOR S375A/S375A mice and their wild-type littermates (MOR ϩ/ϩ ) with saline or morphine (100 mg/kg, s.c.). After 12 h, all mice were treated with a challenge dose of morphine (10 mg/kg, s.c.), and hot plate latencies (Ugo Basile) were recorded. Twenty-four hours after morphine treatment, both genotypes had returned to their basal nociceptive latencies.
Analgesia-electrical tail root stimulation test. A 0.1-mm-thick stainless steel wire was subcutaneously drawn through the root of the tail under pentobarbital anesthesia (40 mg/kg, i.p.) 3 d before the start of the experiments. The second electrode was the plate of the restraining tube (diameter ϭ 3 cm, length ϭ 8 cm). The plate of the tube and the subcutaneously implanted electrode were connected with a stimulating current apparatus (TuR RS12). The current intensity (rectangular pulses, 50 Hz, 50 ms impulse width) was continuously increased until the animal vocalized. The maximum stimulation was set at 300 mA (impulse peak). After vocalization or after reaching the impulse peak, the current was immediately switched off. On test days, pain thresholds were determined as mean of three electrical stimulations performed in 1 min intervals before and 30 min after drug application. Data are reported as the maximum possible effect (% MPE), which was determined by accounting for each individual's basal response as well as the imposed maximum stimulation using the following calculation: 100 ϫ [(drug response current Ϫ basal response current)/(300 mA Ϫ basal response current)] ϭ % MPE. Chronic antinociceptive tolerance was induced by daily subcutaneous treatment with 30 mg/kg morphine or 30 g/kg etonitazene for 12 consecutive days. Antinociceptive activity was evaluated on days 1, 3, 5, 8, 10, and 12, 30 min after application of challenge doses of 15 mg/kg morphine or 15 g/kg etonitazene. The rest of the daily dose was injected after the behavioral test. Chronic antinociceptive tolerance was induced by daily intracerebroventricular application of 20 nmol of morphine, 10 nmol of etonitazene, or 10 nmol of DAMGO in a volume of 2.5 l. One week before the experiments, microcannulas for intracerebroventricular application of the substances were implanted under pentobarbital anesthesia into the right lateral ventricle [coordinates: AP ϭ Ϫ0.2 mm, lateral ϭ 0.2 mm (relative to bregma), vertical ϭ 2.5 mm]. Microcannulas were fixed with a socket of acrylic dental cement. Antinociceptive activity was evaluated on days 1, 4, 8, 11, and 16, 30 min after drug treatment.
Results

-Opioid receptors are upregulated during chronic morphine treatment
To facilitate detection of endogenous -opioid receptors in mouse brain, we have extensively characterized the rabbit monoclonal anti-MOR antibody {UMB-3} (Doll et al., 2011b; Lupp et al., 2011) . When crude brain homogenates from MOR ϩ/ϩ mice were immunoprecipitated with UMB-3, the guinea pig anti-MOR antibody {GP6} detected a broad band migrating at M r 70,000 -80,000 in the subsequent immunoblot (Fig. 2 A) . In contrast, no such band was detectable in brain homogenates prepared from MOR Ϫ/Ϫ mice under otherwise identical conditions (Fig. 2 A) . When MOR ϩ/ϩ mice were treated for 9 d with escalating doses of morphine, -opioid receptor expression was strongly upregulated as compared to saline-treated animals ( Fig.  2 B, C) . In contrast, such an upregulation was not seen in animals that had been treated for 9 d with escalating doses of etonitazene ( Fig. 2 B, C) .
Dose-dependent S375 phosphorylation in vivo
To facilitate detection of S375-phosphorylated -opioid receptors in UMB-3 immunoprecipitates from mouse brain, we generated a guinea pig polyclonal anti-pS375 antibody {GP2}. When brain homogenates from MOR ϩ/ϩ mice were immunoprecipitated with UMB-3, the guinea pig anti-pS375 antibody {GP2} detected a broad band migrating at M r 70,000 -80,000 only in morphine-or etonitazene-treated but not in saline-treated animals (Fig. 3A) . In contrast, no such band was detectable in brain homogenates prepared from MOR S375A/S375A mice after identical drug treatment (Fig. 3A) . These findings clearly show that S375 phosphorylation of the -opioid receptor occurs also in mouse brain after administration of morphine. MOR S375A/S375A mice exhibited similar densities of -opioid receptors with a similar cellular and subcellular distribution in the spinal cord, and all other investigated brain regions, including dorsal root ganglia, thalamus, striatum, and cortex, were devoid of any detectable anatomical abnormality compared to MOR ϩ/ϩ mice ( Fig.  3 A, B) . When MOR ϩ/ϩ mice were treated with increasing doses of morphine (2-100 mg/kg, s.c.) or fentanyl (0.02-1 mg/kg, s.c.), a dose-dependent increase in S375 phosphorylation was observed (Fig. 4 A) . S375 phosphorylation of the -opioid receptor was completely blocked by coadministration of naloxone (Fig. 4 A) . The level of S375 phosphorylation correlated well to the dosedependent antinociceptive responses evoked by a single injection of morphine or fentanyl in MOR ϩ/ϩ mice, suggesting that S375 phosphorylation occurs at pharmacologically relevant doses (Fig. 4A,B and MOR ϩ/ϩ exhibited similar basal pain responses as determined using the hot plate test (data not shown). Next, opioid-induced antinociception was evaluated after administration of increasing doses of morphine (1-10 mg/kg, s.c.) or fentanyl (0.05-0.3 mg/kg, s.c.). Under these conditions, it became apparent that knock-in mice expressing the phosphorylation-deficient S375A mutant of the -opioid receptor exhibited greater dose-dependent antinociceptive responses to morphine and fentanyl than their wild-type littermates (Fig. 4 B) . These results suggest that S375 phosphorylation is required for acute desensitization of the -opioid receptor after exposure to both morphine and fentanyl.
Acute tolerance to morphine is retained in MOR S375A/S375A mice We then examined whether MOR S375A/ S375A mice would develop acute tolerance to morphine. To examine this, we injected a "high" dose of morphine (100 mg/kg, s.c.) and evaluated the antinociceptive effect of a "normal" dose of morphine (10 mg/kg, s.c.) 12 h later. When a "high" dose of morphine was injected, we observed a rapid and transient S375 phosphorylation (Fig. 5A) . As depicted in Figure 5B , morphine pretreatment resulted in a similar robust acute tolerance in both MOR S375A/S375A and MOR ϩ/ϩ mice. When comparing the results from Figure 5 , A and B, it becomes apparent that S375 phosphorylation declines within 8 h, whereas acute tolerance is still detectable 12 h after morphine application. Homogenates were prepared from entire brain after removal of the cerebellum. -Opioid receptors were immunoprecipitated with UMB-3 bound to protein A agarose beads. Samples were separated on 8% SDS-polyacrylamide gels and blotted. Blots were incubated with guinea pig anti-MOR antiserum {GP6}. Incubations were performed in the absence (Ϫ) or presence (ϩ) of the peptide antigen. Note that UMB-3 selectively detects -opioid receptors and does not cross-react with other proteins present in tissue extracts prepared from MOR Ϫ/Ϫ mice. B, MOR ϩ/ϩ mice were treated for 9 d with saline (lanes 1-4), escalating doses of morphine (10 -90 mg/kg, s.c.) (lanes 5-9), or escalating doses of etonitazene (10 -90 g/kg, s.c.) (lanes 10 -13). One hour after the last injection, brains were dissected. Homogenates were prepared from entire brain after removal of the cerebellum. -Opioid receptors were immunoprecipitated with UMB-3 and immunoblotted with guinea pig anti-MOR antiserum {GP6} (top). After UMB-3 immunoprecipitation, lysates were subsequently incubated with wheat germ lectin agarose beads to enrich glycoproteins. These samples were then probed with an anti-TFR antibody to confirm that equal amounts of lysate were used for UMB-3 immunoprecipitation (bottom). Each lane represents one animal. C, Blots were quantified by densitometry and expressed as percentage of -opioid receptor expression in saline-treated animals. Data correspond to the mean Ϯ SEM. Results were analyzed by one-way ANOVA followed by the Bonferroni post hoc test (*p Ͻ 0.05). Note that -opioid receptor expression is upregulated during chronic morphine but not during chronic etonitazene. The positions of the molecular mass markers are indicated on the left (in kilodaltons).
Figure 3. Detection of agonist-induced S375 phosphorylation in vivo. A, MOR
ϩ/ϩ and MOR S375A/S375A mice were treated with saline, morphine (30 mg/kg, s.c.), or etonitazene (30 g/kg, s.c.). After 30 min, brains were dissected. Homogenates were prepared from entire brain after removal of the cerebellum. -Opioid receptors were immunoprecipitated with UMB-3 and immunoblotted with guinea pig anti-pS375 antibody {GP2} (top). Blots were stripped and reprobed with the phosphorylationindependent guinea pig anti-MOR antibody {GP6} to confirm equal loading of the gel (bottom). Note that both morphine and etonitazene stimulated S375 phosphorylation of the -opioid receptor. No such band was detectable in saline-treated MOR ϩ/ϩ or in MOR S375A/S375A mice. The positions of the molecular mass markers are indicated on the left (in kilodaltons). B, Spinal cords from MOR Ϫ/Ϫ , MOR ϩ/ϩ , and MOR S375A/S375A mice were dissected, fixed in formalin, and embedded in paraffin. Sections were dewaxed, microwaved in citric acid, and incubated with anti-MOR antibody {UMB-3). Specimens were then sequentially treated with biotinylated anti-rabbit IgG and peroxidase-conjugated avidin and developed in AEC. Note that -opioid receptors have similar density and distribution in MOR ϩ/ϩ and in MOR S375A/S375A mice. Scale bar: B, 200 m.
Chronic tolerance to high-efficacy agonists but not to morphine is diminished in MOR S375A/S375A mice Analgesic tolerance typically develops over the course of repeated administration of opioids during the treatment of chronic pain. Thus, we evaluated the development of tolerance after daily subcutaneous administration of equieffective doses of morphine (30 mg/kg) or etonitazene (30 g/kg) over 12 d. Unlike fentanyl, etonitazene has a similar duration of action as morphine when applied subcutaneously at equieffective doses. Consequently, etonitazene was used instead of fentanyl for chronic experiments. Given that a decrease in hot plate latency is known to occur with repeated testing, opioid-induced antinociception was evaluated by the electrical tail root stimulation test in addition to the hot plate test (Grecksch et al., 2006) . Under these conditions, analgesic tolerance to morphine developed rapidly in both MOR S375A/ S375A and MOR ϩ/ϩ mice (Fig. 6 A) . Similar to that previously observed in rats (Grecksch et al., 2006) , tolerance to etonitazene developed at a slower time course in MOR ϩ/ϩ mice than tolerance to morphine. Nevertheless, the development of antinociceptive tolerance to etonitazene in MOR S375A/S375A mice was significantly reduced (Fig. 6B) . DAMGO is a prototypical highly selective agonist often used to study -opioid receptor regulation. We therefore evaluated the development of tolerance after daily intracerebroventricular administration of morphine (20 nmol), etonitazene (10 nmol), or DAMGO (10 nmol) over 16 d. Again, analgesic tolerance to morphine developed rapidly in both MOR S375A/S375A and MOR ϩ/ϩ mice (Fig. 7A) , whereas the development of antinociceptive tolerance to intracerebroventricular administration of etonitazene in MOR S375A/S375A mice was significantly reduced (Fig. 7B) . Robust analgesic tolerance also developed in MOR ϩ/ϩ mice after repeated intracerebroventricular administration of DAMGO (Fig. 7C) . In contrast, MOR S375A/ S375A mice did not develop tolerance to the antinociceptive effects of DAMGO during the 16 d treatment period. Similar results were obtained with both hot plate and electrical tail root stimulation test. These findings suggest that tolerance induced by DAMGO or etonitazene requires agonist-driven phosphorylation of S375, whereas the development of antinociceptive tolerance to morphine occurs independent of S375 phosphorylation.
Discussion
For many clinically used drugs such as ␤ 2 agonists, GnRH analogs, or oxytocin, tolerance has been associated with phosphorylation, internalization, and ultimately downregulation of their targeted GPCRs. Morphine is unique in that it is a poor inducer of -opioid receptor internalization, but a potent inducer of cellular tolerance in vivo. In the present study, we clearly show that chronic morphine produces a significant upregulation rather than downregulation of -opioid receptors in vivo under conditions that induce profound cellular tolerance. This is in contrast to the majority of previous binding studies, which detected no change in functional -opioid receptor binding sites in morphine-tolerant mice (Law et al., 1983; Werling et al., 1989) . Given that morphine blocks receptor internalization, it is possible that in the continuous presence of morphine nonfunctional mice were treated with the indicated doses of morphine or fentanyl. When indicated the -opioid receptor antagonist naloxone was administered immediately before drug application. After 30 min, brains were dissected. Homogenates were prepared from entire brain after removal of the cerebellum. -Opioid receptors were immunoprecipitated with UMB-3 and immunoblotted with guinea pig anti-pS375 antibody {GP2} (top). Blots were stripped and reprobed with the phosphorylation-independent guinea pig anti-MOR antibody {GP6} to confirm equal loading of the gel (bottom). Note that S375 phosphorylation was dose dependent after both morphine and fentanyl and completely blocked by naloxone. The positions of molecular mass markers are indicated on the left (in kilodaltons). B, The degree of antinociception was determined by measuring the latency of hot-plate responses at 56°C. In morphine dose-response studies, withdrawal latencies were measured 30 min after a first dose of morphine (1 mg/kg, s.c.); at this time point, animals were injected with morphine (4 mg/kg, s.c.) for a cumulative dose of 5 mg/kg. Antinociception was again assessed after 30 min, and mice were again injected with morphine (5 mg/kg, s.c.) to yield a final cumulative dose of 10 mg/kg. After 30 min, antinociception was assessed once more. In fentanyl dose-response studies, withdrawal latencies were measured 30 min after a first dose of fentanyl (0.05 mg/kg, s.c.); at this time point, animals were injected with fentanyl (0.05 mg/kg, s.c.) for a cumulative dose of 0.1 mg/kg. Antinociception was again assessed after 30 min, and mice were again injected with fentanyl (0.2 mg/kg, s.c.) to yield a final cumulative dose of 0.3 mg/kg. After 30 min, antinociception was assessed once more. Response was defined by the animal either licking or flicking his hindpaws. To avoid tissue damage, a maximum time for exposure was imposed, which prevented the animal from contact with the plate for longer than 30 s. Data are reported as % MPE. Data are presented as the means Ϯ SEM from MOR ϩ/ϩ mice (morphine: n ϭ 7, fentanyl: n ϭ 7) and MOR S375A/S375A mice (morphine: n ϭ 8, fentanyl: n ϭ 8). Differences between genotypes were analyzed by two-way ANOVA followed by the Bonferroni post hoc test (*p Ͻ 0.05). . Acute tolerance to morphine is retained in MOR S375A/S375A mice. A, MOR ϩ/ϩ mice received an injection of morphine (100 mg/kg, s.c.). Mice were killed after the indicated time intervals, and brains were dissected. Homogenates were prepared from entire brain after removal of the cerebellum. -Opioid receptors were immunoprecipitated with UMB-3 and immunoblotted with guinea pig anti-pS375 antibody {GP2} (top). Blots were stripped and reprobed with the phosphorylation-independent guinea pig anti-MOR antibody {GP6} to confirm equal loading of the gel (bottom). Note that S375 phosphorylation occurs shortly after morphine administration and declines after 8 h. The positions of the molecular mass markers are indicated on the left (in kilodaltons). B, Acute tolerance in MOR ϩ/ϩ and MOR S375A/S375A mice was determined after injection of saline or morphine (100 mg/kg, s.c.). After 12 h, all animals were challenged with morphine (10 mg/kg, s.c.), and hot plate response latencies were recorded at 56°C 30 min after morphine injection. Data are presented as the mean Ϯ SEM from MOR ϩ/ϩ mice (saline: n ϭ 7, morphine: n ϭ 7) and MOR S375A/S375A mice (saline: n ϭ 7, morphine: n ϭ 7). Differences between saline-and morphine-pretreated groups were analyzed by Student's t test (*p Ͻ 0.05).
-opioid receptors accumulate at the cell surface. Thus, changes in total -opioid receptor protein may be detectable only by immunoprecipitation and not by receptor binding.
Recently, we have used novel phosphosite-specific antibodies in combination with siRNA knock down screening to identify the G-protein-coupled receptor kinases (GRKs) involved in agonistdependent phosphorylation of the -opioid receptor (C. Doll, F. Poll, and S. Schulz, unpublished work) . We found that the morphine-activated -opioid receptor acquires a conformation that is an efficient substrate for phosphorylation by GRK5 but a poor substrate for phosphorylation by GRK2/3 (C. Doll, F. Poll, and S. Schulz, unpublished work) . GRK5 phosphorylates -opioid receptors selectively on S375, which is not sufficient to facilitate receptor sequestration. Conversely, -opioid receptors activated by high-efficacy agonists acquire a conformation that is an efficient substrate for phosphorylation by GRK2/3 but a poor substrate for phosphorylation by GRK5 (C. Doll, F. Poll, and S. Schulz, unpublished work) . GRK2/3 phosphorylate -opioid receptors at a number of C-terminal phosphate acceptor sites, including T370 and S375, which in turn facilitates a robust receptor endocytosis (C. Doll, F. Poll, and S. Schulz, unpublished work). We have also shown that -opioid receptor phosphorylation is a hierarchical process . Upon exposure to DAMGO, S375 is phosphorylated more rapidly than T370. T370 phosphorylation and internalization is strongly reduced in the S375A mutant, suggesting that S375 is the primary site of phosphorylation and that phosphorylation of T370 is in part dependent on the prior phosphorylation of S375 (Schulz et al., 2004; Doll et al., 2011) .
Here, we clearly show that S375 phosphorylation of the -opioid receptor occurs in vivo in mouse brain shortly after opioid administration. S375 phosphorylation was dose dependent and occurred at pharmacologically relevant doses. We hy- . Chronic tolerance to high-efficacy agonists but not to morphine is diminished in MOR S375A/S375A mice. A-C, Chronic tolerance in MOR ϩ/ϩ and MOR S375A/S375A mice was determined after daily intracerebroventricular application of 20 nmol of morphine, 10 nmol of etonitazene, or 10 nmol of DAMGO in a volume of 2.5 l for 16 d. On days 1, 3, 8, 11, and 16, antinociceptive response was determined 30 min after drug application using electrical tail root stimulation. The current intensity was continuously increased until the animal vocalized. To avoid tissue damage, a maximum stimulation of 300 mA was imposed. After vocalization or after reaching the impulse peak, the current was immediately switched off. On test days, pain thresholds were determined as mean of three electrical stimulations performed in intervals of exactly 1 min before and 30 min after drug application. Data are reported as % MPE. Data are presented as the means Ϯ SEM from MOR ϩ/ϩ mice (morphine: n ϭ 12, entonitazene: n ϭ 12, DAMGO: n ϭ 12) and MOR S375A/S375A mice (morphine: n ϭ 13, entonitazene: n ϭ 13, DAMGO: n ϭ 14). Results were analyzed by two-way ANOVA with repeated measures (time ϫ treatment: p Ͻ 0.001; treatment ϫ time: p Ͻ 0.02; genotype ϫ treatment: p Ͻ 0.003) followed by the Bonferroni post hoc test (morphine ϫ DAMGO and etonitazene, p Ͻ 0.001; A, status effect by morphine treatment: not significant; B, status effect by etonitazene treatment: *p Ͻ 0.04; C, status effect by DAMGO treatment, **p Ͻ 0.001).
pothesized that S375 phosphorylation would be an initial event in opioid-mediated -opioid receptor desensitization. Thus, to directly assess the contribution of S375 phosphorylation to the development of morphine antinociceptive tolerance, we generated a novel knock-in mouse expressing the S375A mutant of the -opioid receptor. In fact, S375A mutant mice exhibit greater dose-dependent antinociceptive responses to morphine and fentanyl than their wild-type littermates, supporting the idea that S375 phosphorylation is involved in acute -opioid receptor desensitization. In contrast to our initial hypothesis, however, we found that acute and chronic tolerance to morphine was retained in S375A mutant mice. Nevertheless, we also found that antinociceptive tolerance after repeated subcutaneous application of etonitazene or repeated intracerebroventricular application of DAMGO or etonitazene was diminished. The phenotype we observed in S375A knock-in mice resembles closely that reported for GRK3 knock-out mice, in which the development of tolerance to the high-efficacy agonist fentanyl is strongly reduced, whereas acute and chronic tolerance to morphine is retained (Terman et al., 2004) . Similar, intracerebroventricular injection of a smallmolecule GRK2 inhibitor reversed tolerance to DAMGO but not to morphine (Hull et al., 2010) . Conversely, mice lacking ␤-arrestin-2 show diminished antinociceptive tolerance to morphine only but not to high-efficacy agonists such as fentanyl or methadone (Bohn et al., 1999 (Bohn et al., , 2000 Dang et al., 2011; Raehal and Bohn, 2011) . Moreover, inhibition of PKC reversed tolerance to morphine but not to DAMGO (Bailey et al., 2006 (Bailey et al., , 2009 Hull et al., 2010) .
Together, tolerance to agonists with different efficacy develops through distinct pathways. Tolerance induced by highefficacy agonists such as DAMGO, fentanyl, or etonitazene requires prototypical GRK2/3-mediated phosphorylation of S375. In contrast, the development and maintenance of antinociceptive tolerance to morphine occurs independent of S375 phosphorylation.
